Engineering design of battery configurations and new battery system development are alternative approaches to achieve high performance batteries. A novel flexible and ultra-light graphite anode is fabricated by simple friction drawing on filter paper with a commercial 8B pencil. Compared with the traditional anode using copper foil as current collector, this innovative current-collector-free design presents capacity improvement of over 200% by reducing the inert weight of the electrode. The as-prepared pencil-trace electrode exhibits excellent rate performance in potassium-ion batteries (KIBs), significantly better than in lithium-ion batteries (LIBs), with capacity retention of 66% for the KIB vs. 28% for the LIB from 0.1 to 0.5 A g−1. It also shows a high reversible capacity of ∼230 mAh g−1 at 0.2 A g−1, 75% capacity retention over 350 cycles at 0.4 A g−1 and the highest rate performance (based on the total electrode weight) among graphite electrodes for K+ storage reported so far. 
Introduction
The demand for lithium-ion batteries (LIBs), as the most important power supply for electronic devices, is rapidly increasing [1, 2] . Limited lithium resources, which are unevenly distributed around the world, have resulted in rising costs for their future large-scale commercialization [3] . Therefore, tremendous growing interest has been focused on the alternative earth-abundant metal ion batteries, including sodium-ion batteries (NIBs), potassium-ion batteries (KIBs), etc.
[4e7] As reported, graphite anode exhibits a higher theoretical capacity (~270 mAh g À1 ) in KIBs than in NIBs (~35 mAh g À1 ), indicating that the KIBs may be a better candidate than NIBs for commercial graphite anode [6] . So, in this work, we present a comparative study of both KIBs and LIBs based on graphite anode material.
Slurry-casting is commonly used for electrode fabrication, in which active materials, binders, and carbon-conductive additives are cast onto metal foil. The main roles of the current collector are to provide mechanical support and collect current from the electrode. Current collectors could be avoided if the electrode is intrinsically self-supported and has good electrical conductivity. It is obvious that a current-collectorfree electrode can significantly reduce the electrode weight and space, and could be an effective strategy for promoting the energy density of batteries [8, 9] .
In addition, flexibility of electrodes and mechanical compatibility of different components in the electrodes are crucial for large-scale electrode processing and battery assembly. There are two approaches to developing currentcollector-free flexible electrodes: the use of an active material that is intrinsically flexible, or the use of composite electrodes with flexible supports. Intrinsically flexible electrodes that are so far known typically use self-standing carbonbased materials such as one-dimensional (1D) carbon nanotubes (CNTs), two-dimensional (2D) graphene, or some electroactive polymers [10e12]. One such example uses graphene paper as a functional material, which not only acts as a conducting agent, but also as a current collector [13] . The asprepared film electrode is often slightly brittle with limited flexibility, especially in large pieces, and the fabrication process is always complicated and time-consuming, which makes its large-scale fabrication and application infeasible [14] . Flexible composite electrodes combine conventional highenergy-density active materials with flexible supports, including CNTs or graphene paper, polymers, or cotton [14e17]. For achieving simple electrode fabrication with each part intact and in contact, compatibility between the components and mechanical flexibility is still a challenge for the flexible composite electrodes [16] .
Pencil drawing on a substrate is a solvent-free technique to obtain continuous flexible films, which display good conductivity and adhesion strength [16] . Flexible films made via pencil drawing have been successfully adopted in many devices, including Li-ion and Li-air batteries, supercapacitors, strain/gas sensors, field electron emitters, and field effect transistors with outstanding performance [18e21]. Inspired by its low-cost and simple fabrication, herein, we have developed a current-collector-free pencil-trace/filter paper electrode by directly drawing on the separator for the first time. Compared with the reported pencil-traces on copper foil electrode [9] , we not only achieved high-mass-loading of the active material on the rough surface of the filter paper with strong adhesion, but also achieved high-energy-density batteries by introducing a novel current-collector-free design. The as-prepared penciltrace electrode exhibited excellent rate performance in KIBs, which was much superior to that in LIBs, with capacity retention of 66% for the KIB vs. 28% for the LIB from 0.1 to 0.5 A g À1 . It also exhibited 75% capacity retention over 350 cycles at a current density of 0.4 A g À1 and higher rate performance than any other graphite electrode for K þ storage reported so far.
Experimental section

Preparation of pencil-trace electrode
The separator used in this study was commercially available filter paper (ADVANTEC). To prepare the pencil-trace electrode, an 8B-grade pencil (STAEDTLER, Germany) purchased from Office Works was used as the active material resource. After a simple modification of the coating machine (Hohsen, MC20), as shown in Fig. 1cee , the pencil was fixed on the holder of the coating machine so as to control the thickness of the pencil-trace by drawing repeated lines, and the coating speed of 2.5 mm s À1 was used to control the uniformity of the pencil-trace. After drawing a line, the pencil was adjusted carefully again with the same parameters to draw another line next to the previous one to cover the substrate surface. Finally, the overlapping pencil-drawn lines produced a graphite film on the filter paper. Then, the as-prepared pencil-trace/filter paper was cut into small disks with 19 mm in diameter for fabricating the cells. The mass loading of the pencil-trace is around 0.5e1.0 mg cm À1 .
Materials characterization
The crystal structure of the powder products was examined by X-ray diffraction (XRD) (MMA GBC, Australia) with Cu Ka radiation. Fourier-transform infrared spectroscopy (FT-IR) and X-ray photoelectron spectroscopy (XPS) analysis were carried out to characterize the chemical composition of the samples. X-ray photoelectron spectra (XPS) were collected on a Thermo Fisher K-alpha XPS spectrometer. The microstructure of the fabricated pencil-trace was investigated with a Raman system (Thermo Nicolet Almega XR Raman Microscope, with the excitation wavelength at 532.81 nm). Scanning electron microscope (SEM) images were obtained with a JEOL JSM-7500 microscope. High resolution transmission electron microscope (HRTEM) images were obtained using an aberration-corrected JEOL ARM-200F (JEOL, Corrector: CEOS) operating at 200 kV. The microscope is equipped with a JED-2300 (JEOL) energy-dispersive X-ray spectrometer (EDS).
Electrochemical measurements
The electrode was dried at 120 C under vacuum for 12 h before assembling. Coin cells (CR2032) were assembled with potassium foil as the counter/reference electrode, the penciltrace/filter paper composite film as separator and active material electrode, and 0.8 M KPF 6 in ethylene carbonate/diethyl carbonate (EC/DEC, 1:1 v/v) as the electrolyte for the potassium-ion battery and 1.0 M LiPF 6 in ethylene carbonate/ diethyl carbonate (EC/DEC, 1:1 v/v) for the lithium-ion battery in an argon-filled glove box. Charge/discharge measurements were carried out on a Neware battery test system, model BTS-XWJ-6.44S-00052 (Neware, Shenzhen, China), at different current densities between 0 and 2 V vs. K/K þ and Li/Li þ at room temperature.
Results and discussion
Here, an ultra-light electrode designed with a reduced amount of inactive component was proposed (Fig. 1a) . In order to preserve the high-energy-density, while offering good flexibility of the electrode, a solvent-free fabrication technique, namely, pencil drawing, was employed to prepare the metal-current-collector-free electrode fabricated by drawing lines on commercially available filter paper (Fig. 1cee) . The resultant pencil-trace/filter paper composite film has a uniform black color and the pencil lead shows a wrinkled and rough surface, as shown in Fig. 1fej . The intactness of the flexible electrode under different degrees of bending is a guarantee of its practical use, which can be verified by testing the electrical properties under mechanical deformations. The dynamic electrical properties of this pencil-trace electrode were investigated by measuring the electrical conductivity changes after bending the electrode to different angles. As shown in Fig. 1b , the specific conductivity remains almost unchanged at different bending angles, indicating the excellent flexibility, and strong adhesion between the pencil-trace and the separator. Its light-weight, mechanically robust nature, and high flexibility allow it to be used as a high-energy flexible anode.
The morphology and composition of the pencil-trace were characterized by scanning electron microscopy (SEM) and scanning transmission electron microscopy (STEM). Fig. S1 in the Supporting Information shows the porous structure of the filter paper with some fibers distributed irregularly in the paper. This rough surface of the paper enables the exfoliation, transfer, and adhesion of graphite from the pencil. Compared with the rough surface of the filter paper, the pencil-trace electrode shows a relatively flat and dense morphology, indicating that the pencil-trace formed a uniform coating. As shown in a high-resolution SEM image (Fig. 2a) , the friction direction can be determined by the trace formed from the sliding pencil. Actually, the advance of the pencil-trace involves the formation of a transferred film through friction (see Fig. S2 ) [22] . Specifically, the reciprocating motion of the pencil lead under some load could generate considerable wear debris (graphite and solid clay binder) by shearing. Following the sliding, the solid binder would absorb the graphite debris and form a new graphite film on the filter paper. Fig. 2b shows a cross-sectional image of the generated graphite film on the separator, in which adhesion between the pencil-trace film (thickness: 30 mm) and the separator (~150 mm) is significantly improved by friction coating via pencil drawing. The thickness of the pencil-trace on the filter paper is controllable and adjustable, depending on the layers of pencil-drawn lines, which could straightforwardly achieve a high-mass-loading flexible electrode (Fig. S3) . The STEM images in Fig. 2dee reveal that the hierarchical structured film consists of nanosheets and nanoparticles (Fig. 1g) . Due to the binder effect of clay, the clay and graphite particles are likely to be incorporated together to form a layer-by-layer structured film, as shown in Fig. 2c . Energy dispersive spectroscopy (EDS) mapping shows the uniform distribution of aluminum, oxygen, and silicon on the nanosheets, while carbon is the main element from the nanoparticles, indicating the flake morphology of the clay and that the nanoparticles are graphite in the pencil-trace. The thicknesses of clay samples (average thickness around 50 nm) are shown in Fig. 2n , based on the different selected sheets in Fig. 2d . Here, the graphite nanoparticles are assembled around the clay sheets and form an interconnected conducting network, facilitating fast charge transfer. The interconnected graphite with high surface area could provide large amounts of active sites for insertion/deinsertion of K þ and Li þ ions. X-ray diffraction (XRD) was conducted to investigate the electrode's structural characteristics. As shown in Fig. 3a , the XRD pattern of the pencil-trace film shows a characteristic peak at around 26.5 , corresponding to commercial graphite with d-spacing of~3.34 Å [23] . Moreover, SiO 2 , as the major phase of clay, has peaks that agree well with the standard reference (00-002-047) [9] . Fig. 3b presents the Raman spectra of the pencil-trace and commercial graphite. In the case of the pencil-trace, the characteristic peaks of the G and D bands appear at around 1580 and 1350 cm À1 , respectively [24] . The intensity ratio I D /I G (z1.1) for the pencil-trace is much higher than for graphite, indicating that the pencil-trace has a higher degree of disorder than graphite [25] . According to the XPS spectrum presented in Fig. 3c , the main elements in the penciltrace are C, O, Al, and Si, respectively, which is in good agreement with the EDS results for the pencil-trace [26] . In the C 1s XPS spectrum, the graphite C (284.6 eV) is dominant in the pencil-trace, and the rest of the carbon element in the pencil-trace is mainly in the forms of CeO (286.0 eV) [27] and C]O (287.6 eV) [28] groups (Fig. 3d) .
The electrochemical performance of the pencil-trace anode was investigated in a half-cell configuration, using potassium metal or lithium metal as the counter electrode. Cyclic voltammetry (CV) measurements were carried out at a scan rate of 0.5 mV s À1 . As shown in Fig. S4 , a broad peak near 0.7 V only exists in the first cathodic process, which is attributed to the decomposition of the electrolyte and the formation of the solid electrolyte interphase (SEI) film. The sharp cathodic peak between 0.3 and 0.01 V is related to the intercalation of K þ into graphite, while the broad peak between 0.3 and 0.8 V corresponds to the deintercalation of K þ from the pencil-trace. Furthermore, the other cathodic/anodic peaks are reversible and overlapping, indicating the high reversibility of the intercalation/deintercalation of K þ into/from the pencil-trace. The rate capability of the pencil-trace was investigated against potassium and lithium at various current densities, as shown in Fig. 4a . The capacity was calculated based on the mass of graphite active material (accounting for 60 wt% in the penciltrace, as shown in Fig. S5 ). Although its capacity at a low current density is lower in KIBs than in LIBs, as the current density rises above 0.5 A g À1 , its capacity in KIBs starts to exceed that in LIBs and shows outstanding rate performance, indicating the higher kinetics of the K þ intercalation process compared to the Li þ . In the case of the pencil-trace electrode for KIBs in Fig. 4b , capacity retention of 66% was obtained from 0.1 to 0.5 A g À1 , while in LIBs, capacity retention was only 28% within the same range. The cycling performance of the pencil-trace in KIBs and LIBs at a current density of 0.4 A g À1 is presented in Fig. 4d . The cycling stability of the pencil-trace electrode in both KIBs and LIBs are excellent (93% capacity retention for the KIB vs. 81% for the LIB from the 50 th to the 350 th cycle). Not only does the pencil-trace electrode present superiority in rate performance and cycling stability in KIBs compared with LIBs, the pencil-trace electrode for KIBs also shows greater safety than for NIBs in terms of the metal dendrite issues. Compared with the sodiation and desodiation peaks (0.1 V and 0.05 V) reported for a hard carbon/Na cell [29] , the potassiation and depotassiation peaks are at 0.12 and 0.33 V versus K þ /K for the pencil-trace electrode, as shown in the dQ/dV profile (Fig. S6) . When metal ion insertion occurs at potentials too close to the plating of the corresponding metal, dendrite formation can be a serious concern, particularly at high current rates, suggesting that KIBs are suprior to NIBs in terms of the safety concerns. In order to present the advantages of our current-collector-free electrode, we compared the capacity of the pencil-trace based on the mass with and without copper foil or aluminum foil (Fig. 4c) . The capacity of the pencil-trace/separator shows almost 235% and 176% improvement over that of the penciltrace þ separator þ copper foil and the penciltrace þ separator þ aluminum foil electrodes, respectively, for both KIBs and LIBs. The electrochemical performance of the pencil-trace was also compared with that of graphite in KIBs (Fig. 4eef) . After 350 cycles, the pencil-trace electrode still shows sustained capacity retention of~75% at current density of 0.4 A g À1 , while it drops to nearly 25 mAh g À1 in the pure graphite anode. Fig. S7 shows the galvanostatic charge/ discharge profiles of the pencil-trace electrode at a current density of 0.4 A g À1 . The profiles of the 50th, 100th, 150th, 250th, and 350th cycles nearly overlap with each other, showing that the capacity decay is nearly zero between the 50th and 350th cycles. Even after 350 cycles, there is barely any change in the electrode morphology and no obvious cracking at low magnification, indicating the good stability of the pencil-trace electrode (Fig. S8) . The electrochemical performances of all the state-of-the-art carbon-based electrodes for the potassium-ion battery were compared with our work, as shown in Fig. 4g . Among all the carbon-based anodes [6,29e33] , the pencil-trace electrode could deliver the competitive rate performance among them, whether the specific capacity was calculated based on the active material or the total weight of the electrode, including the current . (g) Capacity plot of various carbon-based electrodes for KIBs [6,29e33] . (Note that all the reported capacities of carbon-based electrodes are calculated based on the active material mass. Our work would be the highest one if the capacity calculation were based on the total electrode mass including the current collector.) (h) Schematic illustration of the layer-by-layer architecture of the pencil-trace electrode.
collector. The outstanding electrochemical performance of the pencil-trace electrode in KIBs compared with other graphite anodes can be attributed to the unique three-dimensional (3D) layer-by-layer interconnected architecture, which combines 2D clay sheets and graphite nanoparticles (Fig. 4h) . This unique structure could facilitate charge transfer [34, 35] , and the high surface area of the pencil-trace electrode could provide more active sites for reaction with K þ . Compared with the traditional electrode fabrication by slurry-casting, the pencil-trace on filter paper is assembled layer-by-layer by pencil drawing, which guarantees the integrity of the electrode and the uniformity of each electrode component.
Conclusion
In summary, we have demonstrated an ultra-light and flexible pencil-trace electrode for the lithium-ion battery and potassium-ion battery via employing a pencil drawing technique. This novel electrode design not only achieves an electrode with high mechanical flexibility and an adjustable loading mass, but also enhances the gravimetric energy density by decreasing the weight of the inactive part of the electrode. A comparison of the electrochemical performance of LIBs and KIBs is inspiring. The superiority of the pencil-trace electrode in KIBs, in such aspects as high rate performance, reasonable capacity (improved by the current-collector-free design), and excellent cycling stability, makes the potassium-ion battery a potential alternative to the lithium-ion battery. Moreover, the penciltrace electrode also presents better electrochemical performance than other reported carbon-based anodes in KIBs. This could be due to the layer-by-layer interconnected architecture combining 2D clay sheets and graphite nanoparticles, which facilitates K þ diffusion and charge transfer to some extent.
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